INTRODUCTION {#s1}
============

The neck has many functions, including supporting the head, maintenance of balance, and controlling movements that aid in directing eyesight. Therefore, neck injuries can have effects on movements of the whole body, as represented by the involvement of the neck in controlling balance[@r1],[@r2],[@r3]^)^. As such, the neck is one of the most important joints with regards to investigating therapeutic strategies by physiotherapists. However, research on functional abnormalities of the neck has only been carried out from a biomechanical perspective and there has been no previous research relating to the effects of neck injury on the central nervous system[@r4], [@r5]^)^. In particular, it is known that, as the origin of the corticospinal tract, the motor cortex not only controls voluntary movement, but also has high neuroplasticity, enabling rapid reorganization after injury. The motor cortex is thought to undergo changes after neck injuries, but the nature of these changes is completely unknown[@r6], [@r7]^)^.

In the present study, the necks of rats were immobilized for 2 weeks and the effects on motor cortex somatic representation were investigated.

SUBJECTS AND METHODS {#s2}
====================

The study was carried out with 13-week-old male Wistar rats with weights ranging from 294 to 322 g. There were 6 rats allocated to each of the experimental, sham, and control groups. In the experimental group, the shoulder girdles were immobilized using orthopedic casts, such that only cervical extension was restricted ([Fig. 1A](#fig_001){ref-type="fig"}Fig. 1.Cervical immobilization using a splint.A: Experimental group: A splint approximately 40 mm long extending from an H-shaped splint with a width of 20 mm was immobilized with orthopedic plaster, to prevent cervical extension.B: Sham group: Only the H-shaped splint was immobilized in the area surrounding the shoulder girdle. Cervical movement was not restricted.C: Control group: Rats were not fitted with a splint.). In the sham group, splints were fixed to the shoulder girdles, but cervical movement was not restricted ([Fig. 1B](#fig_001){ref-type="fig"}). In the control group, no splints were applied ([Fig. 1C](#fig_001){ref-type="fig"}).

After 2 weeks, mapping of the motor cortex of rats in each group was carried out by intra-cortical micro-stimulation using a previously established method[@r8], [@r9]^)^. First, anesthesia was maintained using a combination of 70 mg/kg ketamine hydrochloride and 5 mg/kg xylazine, administered intraperitoneally. If necessary, an additional 20 mg/kg ketamine and 0.02 mg/kg acepromazine was administered intraperitoneally. Next, the neck of each rat was immobilized using a fixation device and body temperature was maintained at 37 °C. After making an incision through the scalp, the right part of the skull was removed, exposing the right sensory-motor cortex. Then, 40-kΩ tungsten microelectrodes (Unique Medical, Tokyo, Japan) were inserted at 500-μm intervals, extending from the cerebral surface to a depth of 1,800 μm, which corresponds to layers IV-V of the cortex. Stimulation was delivered for 30 ms with a square wave at a frequency of 333 Hz and a duration of 300 μs using an SEN-7130 stimulator (Nihon Kohden, Tokyo, Japan) and an SS-04 J isolator (Nihon Khoden). The electric current was then gradually increased until bodily movement could be identified. The minimum current strength at which movement of a body part was induced was recorded as the threshold value. No bodily movement was observed with currents up to 50 μA. As such, 0--50 μA was defined as the no-response range. Mapping was carried out in 56 loci on the right side of the bregma. The responsive region had an area of 0.25 mm^2^ and the distribution of cortical domains for different parts of the body and the areas of each were obtained.

This study was approved by Health Science University's Experimental Animal Committee (approval no.17-002).

Data are presented as mean ± standard deviation. The values in each group were compared by one-way analysis of variance and multiple comparisons were carried out by the Bonferroni method for the test of the lower position.

RESULTS {#s3}
=======

Within several hours after fitting the splints, rats in the experimental and sham groups had acclimatized to attachment of the foreign item and were calm and quiet in their cages. The rats in the experimental group initially compensated for the restricted cervical extension by either rotating the neck or extending the trunk, but by 1 or 2 days after attachment of the splint, all rats compensated for the restriction by extending the trunk. No changes in food or water intake were found during the immobilization period and no differences in body weight were observed after 2 weeks ([Table 1](#tbl_001){ref-type="table"} Table 1.Mean body weights, motor cortex areas, and threshold values in the control, sham and experimental groupsControl (n=6)Sham (n=6)Experimental (n=6)Body weight (g)13-weeks-old (pre-restriction)308.5 ± 9.1306.8 ± 13.2307.1 ± 10.915-weeks-old (post-restriction)319.1 ± 9.1313.8 ± 9.1310.6 ± 6.7Neck domainArea (mm^2^)1.3 ± 0.21.1 ± 0.30.5 ± 0.1^\*\*\*†††^Threshold (μA)20.4 ± 4.921.7 ± 5.020.6 ± 5.6Forelimb domainArea (mm^2^)4.5 ± 0.34.1 ± 0.33.9 ± 0.5\*Threshold (μA)22.5 ± 2.621.3 ± 3.122.7 ± 5.0Vibrissal domainArea (mm^2^)3.3 ± 0.33.2 ± 0.30.9 ± 0.5^\*\*\*†††^Threshold (μA)22.1 ± 3.522.3 ± 5.023.2 ± 7.3Trunk domainArea (mm^2^)000.3 ± 0.2^\*\*††^Threshold (μA)\--43.9 ± 3.9Jaw domainArea (mm^2^)0.8 ± 0.30.8 ± 0.31.0 ± 0.7Threshold (μA)24.1 ± 9.825.9 ± 4.623.5 ± 6.2\>\*p\<0.05 (vs. control), \*\*p\<0.01 (vs. control), \*\*\*p\<0.001 (vs. control), ^††^p\<0.01 (vs. sham), ^†††^p\<0.001 (vs. sham).).

Major changes were found in the somatotopy of the motor cortex after cervical immobilization. In the experimental group, the areas (mm^2^) of the cervical and vibrissal domains of the motor cortex decreased by approximately 50% ([Table 1](#tbl_001){ref-type="table"}, [Fig. 2](#fig_002){ref-type="fig"}Fig. 2.Comparison of typical motor cortex somatic representation and domain areas.A. Representative example of a coordinate map of the motor cortex showing body domain locations in a control rat.B. Representative example of a coordinate map of the motor cortex showing body domain locations in a sham rat.C. Representative example of a coordinate map of the motor cortex showing body domain locations in an experimental rat.D. Comparisons of domain areas (in mm^2^) in the motor cortex across groups. No significant differences were found in any domain areas between the control and sham groups. The experimental group rats showed significant decreases in the areas of the cervical and vibrissal domains of the motor cortex, compared to control and sham rats, as well as a decrease in forelimb domain area compared to control rats. The regions in which area was decreased in the experiment rats were occupied by the forelimb domain and a newly formed trunk domain.\*p\<0.05 (vs. control), \*\*p\<0.01 (vs. control), \*\*\*p\<0.001 (vs. control), ^††^p\<0.01 (vs. sham), ^†††^p\<0.001 (vs. sham).; p\<0.001) compared to the control and sham groups, and the forelimb domain showed a slight loss of area ([Table 1](#tbl_001){ref-type="table"}, [Fig. 2](#fig_002){ref-type="fig"}; p\<0.05) compared to the control group. In addition, a trunk domain that was not present in the other two groups had formed on the medial side of the motor cortex in experimental group rats ([Fig. 2C](#fig_002){ref-type="fig"}). Furthermore, the changes were not only in area, as the forelimb and trunk domains encroached upon and replaced the cervical and vibrissal domains in the experimental group. In these domains, when stimulation was applied above the threshold values (higher than 50 μA), the movement essential to the original domain was observed, whereas when the stimulation strength was reduced below this threshold only movements associated with the new domain occurred. For example; when the medial side of the motor cortex was stimulated with a current higher than the threshold value within certain domains, movement occurred in the vibrissae and trunk, whereas when the current strength was reduced below the threshold, only trunk movement occurred. In contrast, no changes were found in the area of the jaw domain or in the threshold values for any domains ([Table 1](#tbl_001){ref-type="table"}).

DISCUSSION {#s4}
==========

This study showed that restricting cervical extension in rats resulted in a marked decrease in the areas of the cervical and vibrissal domains of the motor cortex and slight decrease in the area of the forelimb domain. In addition, rats with an immobilized neck exhibited a new trunk domain that formed rostral to the bregma, whereas the trunk domain is distributed entirely to the caudal side of the bregma in normal rats[@r9]^)^. Taking into consideration our observation that changes in motor cortex somatotopy in the experimental group were different from changes in motor cortex somatotopy that have been shown to be dependent on depth of anesthesia[@r10]^)^, and that no similar phenomenon was found in the motor cortex in the sham group, it is reasonable to conclude that the changes in motor cortex somatic representation observed in this study were due to restriction of cervical extension. It is also possible that these motor area size alterations resulted from reduced motor activity or anorexia caused by stress of restriction rather than direct restriction. However, this is unlikely because there is no significant difference of body weight gain among the 3 groups after 4 weeks in the type 1 diabetic model. This model showed severe reduced motor activity, but did not show alteration of the cervical, forelimb, or vibrissal motor area[@r8]^)^. Previous studies have shown that motor cortex somatic representation changes in an activity dependent manner[@r7], [@r11]^)^. Therefore we concluded that it was cervical movement restriction and compensatory trunk movement that resulted in reduction and expansion of the domains responsible for cervical and trunk movement, respectively. In addition, it is possible that reduction of the vibrissal domain was due to decreased exploratory behavior using the vibrissae and that this functional restriction caused by the neck being immobilization was compensated for by forelimb movement, resulting in increased forelimb activity, and thus encroachment on the vibrissal domain by the forelimb domain. However, we did not measure the level of movement in this study, so this thought cannot be clarified.

As explained above, the mechanisms mediating changes in the motor cortex after cervical immobilization are unknown, but our finding that cervical immobilization for as short as 2 weeks changed somatic representation in the motor cortex supports the clinical observation that cervical dysfunction effects the entire body[@r1],[@r2],[@r3]^)^. In addition, there have been reports of changes in motor cortex somatic representation as soon as 1 hour after peripheral nerve transection. Therefore, it is possible that the changes in motor cortex somatic representation that we observed could have occurred much earlier than 2 weeks[@r12]^)^. This is the first study to clearly correlate changes in the nervous system with changes in whole body movement after cervical immobilization. The changes in motor cortex somatic representation found offer the potential for new interpretations on the pathology of patients with cervical motor disorders with regards to contributions of the motor cortex. It is hoped that progress on quantitative analysis of changes in movement after cervical immobilization and the effects of these changes on motor cortex somatic representation will be made in the future, and that the relationships with clinical symptoms will be more thoroughly investigated.
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